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P2X receptors (P2XRs) are ATP-gated cation chan-
nels widely expressed in the brain where they
mediate action of extracellular ATP released by
neurons or glia. Although purinergic signaling has
multiple effects on synaptic transmission and plas-
ticity, P2XR function at brain synapses remains
to be established. Here, we show that activation
of postsynaptic P2XRs by exogenous ATP or
noradrenaline-dependent glial release of endoge-
nous ATP decreases the amplitude of miniature
excitatory postsynaptic currents and AMPA-evoked
currents in cultured hippocampal neurons. We also
observed a P2X-mediated depression of field poten-
tials recorded in CA1 region from brain slices.
P2X2Rs trigger dynamin-dependent internalization
of AMPA receptors (AMPARs), leading to reduced
surface AMPARs in dendrites and at synapses.
AMPAR alteration required calcium influx through
opened ATP-gated channels and phosphatase or
CamKII activities. These findings indicate that post-
synaptic P2XRs play a critical role in regulating the
surface expression of AMPARs and thereby regulate
the synaptic strength.
INTRODUCTION
Extracellular ATP is a widespread cell-to-cell signaling molecule
in the brain where it activates surface ionotropic P2X receptors
(P2XRs) andGprotein-coupled P2Y receptors (Khakh andNorth,
2012). At some central synapses, ATP is a fast neurotransmitter
where it may be released with other transmitters, such as gluta-
mate (Glu) or g-aminobutyric acid (GABA) (Jo and Schlichter,
1999; Mori et al., 2001); however, ATP-mediated fast synaptic
transmission was observed only rarely in the brain, suggesting
that ATP signaling plays a neuromodulatory role at brain synap-
ses (Khakh and North, 2012). ATP is also released by glial cells(Gordon et al., 2005) as well as during brain injury (Franke
et al., 2006), and activation of postsynaptic P2XRs can modulate
fast synaptic responses mediated by more classical neurotrans-
mitters and in fine synaptic strength. Consistent with this idea,
P2X2 and P2X4, the predominant purinoceptors expressed in
brain neurons, are generally excluded from the postsynaptic
density and mainly localized at the periphery of excitatory gluta-
matergic synapses (Richler et al., 2011; Rubio and Soto, 2001).
Electron microscopy data were confirmed recently by single-
molecule imaging of P2X2Rs in transfected hippocampal neu-
rons that appear to be highly mobile at the plasma membrane
but remain at the edge of glutamatergic synapses without
entering the synaptic density (Richler et al., 2011). Recently,
we examined the role of P2X4Rs in the ventromedial nucleus
of the hypothalamus by interfering with the constitutive endocy-
tosis of P2X4Rs (Bobanovic et al., 2002). No fast ATP-mediated
synaptic current was revealed; however, increased surface
P2X4Rs depressed GABA-mediated postsynaptic current and
altered neuronal excitability at inhibitory synapses through direct
interaction between P2X4Rs and g-aminobutyric acid receptor
A (Jo and Boue´-Grabot, 2011; Jo et al., 2011). There is also
growing support for the idea that P2XRs can affect synaptic plas-
ticity at glutamatergic synapses (Khakh and North, 2012; Pan-
kratov et al., 2009).
N-methyl-D-aspartate receptors (NMDARs) and a-amino-3-
hydroxy-5-methylisoxazole-4-proprionate receptors (AMPARs)
have critical roles in excitatory synaptic transmission and plas-
ticity in the CNS (Kessels and Malinow, 2009). Synaptic strength
is thought to be determined in part through activity-dependent
insertion and endocytosis as well as lateral mobility of AMPARs
that regulate long-term potentiation (LTP) and long-term depres-
sion (LTD), which are widely recognized to underlie cognitive
functions such as learning and memory (Heine et al., 2008; Kes-
sels and Malinow, 2009; Malinow and Malenka, 2002). NMDAR-
dependent LTP in hippocampal CA1 neurons was shown to
bemodulated by P2Xmanipulation. However, results are contro-
versial. Pharmacological blockade of P2XRs facilitates the in-
duction of NMDA-dependent LTP (Pankratov et al., 2002,
2009), whereas other studies, using P2X4R knockout mice and
ivermectin, a positive modulator of P2X4R function or trafficking
(Silberberg et al., 2007; Toulme´ et al., 2006), suggested thatNeuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc. 417
Figure 1. ATP or Glial ATP Released by NA
Decreases mEPSC Amplitude and AMPA-
Evoked Responses through Activation of
P2XRs in Cultured Hippocampal Neurons
(A) mEPSCs recorded at a membrane potential of
60 mV in the presence of 0.5 mM tetrodotoxin,
100 mM picrotoxin, 10 mM APV, 3 mM CGS15943
before and 40 min after bath application of ATP
(100 mM, 1 min).
(B) Bar graphs showing that ATP decreases
mEPSC amplitude without affecting frequency.
Amplitude and frequency values of mEPSCs were
assessed at a 5 min interval before and 35 min
after ATP as indicated by gray band in (D).
(C) Average (black) and raw (gray) mEPSC traces
from the same intervals as illustrated in (A).
(D) Running average of mEPSC amplitudes in
1 min bins.
(E) Summary showing the enduring decrease in
mEPSC amplitude after application of ATP
(100 mM), in the absence or presence of GDPbS
(1mM) and PPADS (10 mM). The effect is abolished
by P2X inhibitor PPADS.
(F) Current evoked by focal AMPA (100 mM,
300 ms) before and 2 min after focal ATP (100 mM,
5 s) puffed onto hippocampal neurons. Bars show
the decrease in AMPA-evoked responses only
in cells responding to ATP (left panel). AMPA
responses are unchanged in neurons non-
responding to ATP (right panel).
(G) Colabeling of a1-adrenoceptors with GFAP or
PSD-95 in cultured hippocampal cells. Scale bars
represent 10 mm.
(H) mEPSCs recorded as in (A) in the presence of
GDPbS (1 mM), before or 45 min after bath appli-
cation of NA (50–200 mM, 5 min).
(I) Bar graphs of the amplitude and frequency
values of mEPSCs assessed at a 5 min interval
before and 45 min after NA as indicated by the
gray band in (K). NA decreases mEPSC amplitude
without affecting frequency.
(J) Average (black) and raw (gray) mEPSC traces
from 1 min intervals before and after NA.
(K) Running average of mEPSC amplitudes in
1 min bins.
(L) Summary showing the enduring decrease in mEPSC amplitude after application of NA is blocked in the presence of PPADS (10 mM) and FAC (100 mM).
*p < 0.05; **p < 0.01; ***p < 0.001; ns, nonsignificant p > 0.05. Error bars, SEM. Number of cells is indicated in parentheses.
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P2X-Mediated Alteration of AMPARP2X4Rs enhance LTP in hippocampus (Baxter et al., 2011; Sim
et al., 2006). Although these studies provided insight into the
neuromodulatory action of ATP signaling, they also indicate
that function of P2XRs at glutamatergic synapses is not under-
stood. Direct neuromodulatory action of postsynaptic P2XRs
on glutamatergic synapses that require the release of ATP from
glial cells was demonstrated in paraventricular nucleus of the
hypothalamus (Gordon et al., 2005). The amplitude of miniature
excitatory postsynaptic currents (mEPSCs) was increased
in response to noradrenaline (NA). This study provided strong
evidence that NA-induced release of ATP by astrocytes triggers
an enduring increase of glutamatergic synaptic efficacy that
results likely from the activation of P2X7Rs (Gordon et al.,
2005). P2X7 subtype is rarely expressed in neurons, and this
mechanism could be restricted to specific neuronal populations,
such asmagnocellular neurons of the hypothalamus (Vavra et al.,418 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.2011). In this study, we have addressed the role of postsynaptic
P2XRs on AMPARs and excitatory glutamatergic synaptic trans-
mission in hippocampal neurons.
RESULTS
ATP or Glial ATP Released by Noradrenaline Decreases
mEPSC Amplitude in Hippocampal Neurons
To evaluate the functional impact of postsynaptic P2XRs on
synaptic strength, we examined changes of mEPSCs evoked
by the P2X agonist ATP in cultured hippocampal neurons using
whole-cell voltage-clamp recordings. Bath application of ATP
(100 mM, 1 min) elicited a slow and enduring decrease in mEPSC
amplitude (Figures 1A–1E). For each cell, the amplitude and the
frequency of mEPSCs were compared before and after ATP
application (gray box in Figure 1D). The ATP decrease in mEPSC
Neuron
P2X-Mediated Alteration of AMPARamplitude was 0.75 ± 0.017 (p < 0.001; n = 8; Figures 1D and 1E),
whereas in the absence of ATP application, mEPSCs remained
stable during the full-length of our whole-cell recordings
(60 min; n = 4; Figure 1E). The frequencies of mEPSCs were
similar before and after ATP application (p > 0.05; n = 8; Figures
1A and 1B). ATP and its metabolites from rapid degradation by
ectonucleotidases can activate ionotropic P2X and metabo-
tropic P2Y or adenosine receptors. However, all experiments
were made in the presence of CGS15943 and argue against
adenosine receptor activation. To rule out the possibility that
the ATP-induced decrease in mEPSC amplitude resulted from
activation of G protein-coupled P2Y receptors, we added nonhy-
drolizable guanosine-5-O-2-thiodiphosphate (GDPbS) (1 mM)
into the intracellular solution of the recording pipette. The post-
synaptic inclusion of GDPbS did not modify control mEPSCs
and did not attenuate the ATP-induced decrease in mEPSC
amplitude (0.81 ± 0.034; p < 0.05; n = 5; Figure 1E). In the contin-
uous presence of the P2X antagonist pyridoxalphosphate-6-
azophenyl-2,4-disulfonic acid (PPADS) (10 mM), ATP failed
to cause a decrease in mEPSC amplitude (1.0 ± 0.35; n = 6;
Figure 1E).
Changing the responsiveness of postsynaptic AMPARs is a
powerful way to regulate synaptic strength and is responsible
for activity-dependent changes such as LTD at central synapses
(Kessels and Malinow, 2009; Malinow and Malenka, 2002). We
examined whether ATP decreased the response of postsynaptic
AMPARs to focal application of AMPA (100 mM, 300 ms). Focal
ATP (100 mM, 5 s) applied onto the recorded neurons evoked
P2X2-like nondesensitizing inward current in seven out of ten
neurons (Figure 1F, left). After ATP-evoked current, the ampli-
tude of AMPA-evoked responses was significantly decreased
from 1.08 ± 0.14 nA to 0.66 ± 0.10 nA (p < 0.001; n = 7 out of
10 neurons; Figure 1F, left). This inhibition of AMPA-evoked cur-
rent was observed rapidly (2 min after ATP current), whereas
ATP-evoked depression of mEPSCs developed slowly and
gradually, suggesting that ATP-mediated alteration of AMPARs
occurs faster at extrasynaptic sites than at synapses. In neurons
nonresponding to focal application of ATP (three out of ten neu-
rons), AMPA-evoked current remained unchanged over time
(n = 3; p > 0.05; Figure 1F, right).
ATP is released from glial cells and can differentially modulate
neuronal activity in CNS structures (Gordon et al., 2005; Lee
et al., 2013; Pascual et al., 2005). It was recently demonstrated
that astrocytic-derived ATP regulates in vivo sleep or depres-
sive-like behaviors (Cao et al., 2013; Halassa et al., 2009). NA
triggers the release of ATP from glial cells through direct activa-
tion of a1-adrenoceptors expressed on glial cells (Gordon et al.,
2005). To investigate whether released ATP and postsynaptic
P2XRs play a role in regulating postsynaptic strength, we exam-
ined changes of mEPSCs in hippocampal neurons before and
after NA application (Figures 1G–1L). We first tested the expres-
sion of a1-adrenergic receptors on glial cells in hippocampal cell
cultures using immunocytochemistry. Astrocytes and neurons
were identified with glial fibrillary acidic protein (GFAP) and post-
synaptic density 95 protein (PSD-95), respectively (Figure 1G). In
addition, antibody against a1-adrenoceptor subunits revealed
staining in GFAP and PSD-95 positive cells (Figure 1G), showing
that a1-adrenoceptors are localized in both glial and neuronalcells, consistent with previous work by Gordon et al. (2005).
mEPSC recordings were conducted with intracellular perfusion
of GDPbS (1 mM) to block Gq proteins and prevent activation
of postsynaptic G protein-coupled a1-adrenoceptors. Bath
application of NA (50–200 mM, 5 min) elicited a delayed and
robust decrease (40%) of mEPSC amplitude that remained
decreased during our longest recordings (>60 min) (Figures
1H–1K; Before, 11.06 ± 0.49 pA; After, 6.69 ± 0.34 pA; p <
0.001; n = 7). It is noteworthy that a fast and transient increase
following NA was observed in experiments performed without
GDPbS in the recording pipette, suggesting the presence of
postsynaptic adrenoceptors that are blocked by GDPbS (data
not shown). The frequencies of mEPSCswere unchanged before
and after NA application (Before, 6.95 ± 0.57 Hz; After, 5.43 ±
0.70 Hz; p > 0.05; n = 7; Figures 1H and 1I). In the presence of
the P2X antagonist PPADS (10 mM), NA failed to cause changes
in mEPSC amplitude (1.13 ± 0.18; p > 0.05; n = 7; Figure 1L). To
determine that NA triggers release of ATP from glia, we blocked
glial activity with a metabolic inhibitor, fluoroacetate (FAC) (Fos-
sat et al., 2012; Gordon et al., 2005). After preincubation with
FAC (100 mM, 2 hr), NA did not decrease the amplitude of
mEPSCs (0.94 ± 0.04; p > 0.05; n = 7; Figure 1L). Collectively,
these results suggest that activation of postsynaptic P2XRs
by ATP released by surrounding glial cells triggers alteration of
AMPAR current and, consequently, mEPSC amplitudes.
Calcium-Dependent P2X-Mediated Inhibition of
AMPAR Current
We next investigated directly whether activation of P2XRs alters
AMPAR function by coexpressing P2X2 and heteromeric
GluA1A2 in a heterologous Xenopus oocyte expression system
(Figure 2; Figure S1 available online). AMPAR responses were
evoked by application of Glu (1mM, 5 s) in the presence of cyclo-
thiazide (CTZ) (100 mM, 10 s of preincubation), a blocker of
AMPARdesensitization, to ensure detection of thewhole AMPAR
current. Following a single ATP-evoked current (ATP 100 mM,
5 s), the amplitude of AMPAR current was drastically reduced
from 5.43 ± 0.32 mA to 2.38 ± 0.18 mA (p < 0.001; n = 178; Figures
2A–2C). The60% inhibition of AMPAR responses wasmaximal
2–4 min after ATP current and relaxed progressively during 1 hr
before complete recovery of AMPAR current (Figures 2A and
2C). The inhibition is also observed at low receptor density (Fig-
ure 2D). In cells injected with low doses of cDNAs encoding
GluA1, GluA2, and P2X2, AMPAR currents were decreased
from 0.36 ± 0.07 mA to 0.13 ± 0.03 mA (p < 0.001; n = 12) after
ATP current with a mean amplitude of 0.45 ± 0.07 mA. In the
absence of P2XRs, no change in GluA1A2 current amplitude
was observed following ATP application (Figures 2E and S1),
indicating that P2XR activation is required to trigger AMPAR
inhibition. Like P2X2, activation of P2X4 triggered a similar
long-lasting inhibition of homomeric GluA1 or heteromeric
GluA1A2 (Figures 2E and S1). P2XRs are permeable to calcium
(Ca2+) (Egan and Khakh, 2004), and AMPAR function is regulated
by changes in intracellular Ca2+ concentration (Malinow andMal-
enka, 2002). The requirement for an influx of Ca2+ through P2X
channels in triggering AMPAR inhibition was tested by removing
extracellular Ca2+ or replacing it with barium (2 mM) from the
bathing solution during the application of ATP (Figures 2F andNeuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc. 419
Figure 2. Activation of P2XRs Triggers a
Drastic and Long-Lasting Decrease of
AMPAR Current in Xenopus Oocytes
(A) Representative currents evoked by applica-
tions of Glu (1 mM, 5 s) in the presence of CTZ
(100 mM, 10 s of preincubation) before and after
ATP-induced current (100 mM), at the indicated
time points, for oocytes coexpressing P2X2 and
GluA1A2 subunits.
(B) Amplitude average of GluA1A2 currents before
and 2 min after a single ATP current.
(C) Normalized GluA1A2 current amplitude before
and after ATP application over time showing the
fast and enduring inhibition of AMPARs.
(D) AMPAR current inhibition observed in oocytes
expressing low density of GluA1A2 and P2X2Rs.
(E) Summary showing the inhibition of homomeric
GluA1 or heteromeric GluA1A2 after activation of
P2X2Rs or P2X4Rs.
(F) Ca2+ influx through P2X channels is required to
induce AMPA current inhibition. Representative
currents induced by Glu/CTZ (1 mM/100 mM) in
normal external Ringer solution before and after
P2X2 activation are shown. ATP was applied with
or without extracellular Ca2+ as indicated by gray
bands.
(G) Summary of the effects of external Ca2+ con-
centration or its substitution by Ba2+ on GluA1A2
or GluA1 current inhibition.
**p < 0.01; ***p < 0.001; ns, p > 0.05. Error bars,
SEM. Number of cells is indicated in parentheses.
See also Figure S1.
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P2X-Mediated Alteration of AMPAR2G). This was sufficient to completely block the inhibition of
GluA1A2 current induced by P2X2 activation (Figures 2F and
2G). A similar block was observed with homomeric GluA1 (Fig-
ure 2G). The enhanced inhibition of GluA1 or GluA1A2 after
activation of P2X2Rs in high external Ca2+ (5 mM) confirmed
that Ca2+ entry through P2X channels mediates the effect
(Figure 2G); inhibition with 5 mM Ca2+ was 76.01% ± 3.6% for
GluA1 (p < 0.001; n = 19) and 75.38% ± 2.31% for GluA1A2
(p < 0.001; n = 23).
AMPAR Current Inhibition Results from Increased
AMPAR Endocytosis
Analysis of activation and decay time of normalized AMPAR
current revealed that there was no significant change of AMPA
channel kinetics after ATP application (see Figure S2). To ascer-
tain that inhibition is not attributable to the nondetection of
the whole-peak current of AMPARs, we used a nondesensitizing
AMPAR, i.e., GluA1L497Y, that decreases the channel-closing
rate constant by stabilizing the open channel conformation (Pei
et al., 2007). In cells coexpressing P2X2 and GluA1L497Y,
Glu-evoked currents are significantly decreased after P2X2 acti-
vation, from 7.51 ± 1.53 mA to 3.44 ± 0.71 mA (p < 0.001; n = 13),
indicating a similar extent of inhibition (53.55% ± 5.87%; n = 13;
see Figure S2).
It is well established that AMPAR trafficking to and from the
surface membrane is involved in changes in synaptic strength420 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.(Esteban, 2003; Malinow and Malenka, 2002). To explore the
possibility that P2X activation could regulate AMPAR surface
expression, we examined the surface level of HA-GluA1, Myc-
GluA2, and P2X2-His expressed in Xenopus oocytes by bio-
tinylation assays at several time points after ATP treatment
(100 mM, 10 s) and in various Ca2+ concentrations (Figure 3).
ATP treatment in the presence of Ca2+ (1.8 or 5.0 mM) rapidly
reduced (after 2 min) the surface fraction of GluA1 or GluA2
expressed on the plasma membrane without altering the total
number of subunits (Figures 3A and 3B). Both surface homo-
meric GluA1 and heteromeric GluA1A2 were significantly
decreased, but only in cells expressing P2X2Rs. Recovery
of surface AMPA subunits was observed 20 min after ATP treat-
ment, consistent with recording data (Figure 2). Surface and
total P2X2 proteins were not affected by ATP treatment in all
conditions (Figures 3A and 3B). These data indicated that at
least GluA1-containing AMPARs are subject to P2X-mediated
removal. Changes in AMPAR surface expression therefore result
from inhibition of membrane insertion and/or facilitation of
endocytosis.
In an attempt to discriminate between these possibilities,
we reexamined in cells expressing GluA1A2 and P2X2R the
ATP-mediated current inhibition in the presence of blockers of
clathrin-mediated endocytosis driving constitutive and regulated
internalization of AMPARs (Carroll et al., 1999, 2001; Man et al.,
2000). Expression of AP50-DN, a dominant-negative form of
Figure 3. Activation of P2XRs Triggers a Ca2+-Dependent Decrease
of Surface AMPAR Subunits
(A) Representative immunoblots of total and surface biotinylated proteins from
oocytes expressing homomeric HA-GluA1 or heteromeric HA-GluA1/Myc-
GluA2 alone or in combination with P2X2-His. Surface biotinylation assay was
performed at different time points after ATP treatment (100 mM, 10 s) in several
external Ca2+ concentrations. Blots using anti-HA, anti-Myc, or anti-His anti-
bodies showed a Ca2+- and P2X-dependent decrease of surface GluA1 and
GluA2. Total GluA1 or GluA2 as well as surface or total P2X2 expression is
unaffected by the treatments.
(B) Quantification of surface/total expression of GluA1 and GluA2 shown
representatively in (A). Bars represent mean ± SEM of the surface/total ratio of
GluA1 (black bars) and GluA2 (gray bars) normalized to the control condition.
The number of independent experiments is indicated in parentheses.*p < 0.05;
**p < 0.01; ***p < 0.001; ns, p > 0.05.
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P2X-Mediated Alteration of AMPARadaptor protein 2 (AP50) (Nesterov et al., 1999; Royle et al., 2002;
Toulme´ et al., 2006), completely blocked the inhibition of AMPAR
current induced after application of ATP (Figures 4A and 4B) in
a dose-dependent manner. The current inhibition is not affected
by injection of 0.1 or 0.2 ng of AP50-DN cDNA but is completely
abolished after injection of 0.4 or 0.6 ng of AP50-DN (inhibition
was 6.22% ± 6.11% [n = 15] and 5.97% ± 7.67% [n = 14],
respectively; p < 0.001; Figure 4B). Expression of AP50-DN
was ascertained by western blot using anti-AP50 antibodies
recognizing endogenous and both exogenous wild-type (WT)
or dominant-negative forms of AP50 protein (Figure 4C).
Notably, AMPAR current inhibition was rescued (63.91% ±
5.47%; n = 15) in cells expressing at similar levels a mixture of
WT and dominant-negative AP50 (Figures 4B and 4C). Inhibition
of AMPAR current after ATPwas also abolished (6.82%±9.07%;
n = 23; p < 0.001; Figure 4D) in cells incubated with dynasore
(80 mM, 45–60min), a cell-permeable inhibitor of dynamin (Maciaet al., 2006). Similarly, biotinylation experiments indicated that
impairment of clathrin-mediated endocytosis using AP50-DN
or dynasore completely blocked the reduction of surface fraction
of GluA1 or GluA2 induced by ATP (Figures 4E and 4F). We also
used surface biotinylation assays to measure directly AMPAR
endocytosis (Lin et al., 2000). In this set of experiments, surface
proteins were prelabeled with biotin and 4 min after ATP treat-
ment to allow AMPARs to undergo internalization, and bio-
tinylated surface proteins remaining on the cell surface were
stripped by nonpermeant-reducing agent (see Experimental
Procedures). ATP treatment triggered a fast and robust internal-
ization of AMPARs with a similar extent for homomeric GluA1 or
heteromeric GluA1A2 (60%; two to four independent experi-
ments; Figures 4G and 4H). These results demonstrate that
ATP activation of P2XRs induced clathrin-mediated internaliza-
tion of GluA1 containing AMPARs in recombinant system.
P2X-Mediated Internalization of AMPARs in
Hippocampal Neurons
Superecliptic pHluorin (SEP) fused to the N-terminal extracellular
domain of GluA1 or GluA2 serves as a spatiotemporal indicator
of AMPARs by fluorescing at pH 7.4 at the extracellular surface
and becoming nonfluorescent in intracellular vesicular compart-
ments where pH is acidic (less than 6) (Ashby et al., 2004; Jaskol-
ski et al., 2009; Zhang et al., 2011). Real-time imaging was
performed at 37C on live cultured hippocampal neurons
expressing SEP-GluA1 or SEP-GluA2 and intracellularly
mCherry-tagged P2X2Rs (P2X2-mCherry, Figure 5A). Confocal
fluorescent microscopy revealed that both SEP-GluA1 and
P2X2-mCherry fluorescence signals are localized in the soma
and the dendrites of neurons (Figures 5B–5F). Acidification of
the extracellular solution (pH 4.5) leads to the almost complete
loss of the fluorescent signal for SEP-GluA1 or SEP-GluA2 and
did not modify P2X2-mCherry fluorescence, confirming that
we specifically visualized AMPARs inserted in the plasma mem-
brane of living neurons (Figure 5B). Application of ATP (100 mM,
1 min) causes a significant reduction in fluorescence intensity of
both SEP-GluA1 and SEP-GluA2, whereas an ATP washout
leads to a partial but incomplete recovery of fluorescence during
the period of recording (60%–70% after 15–20 min, Figures 5C–
5G, Max DF/F0 = 0.27 ± 0.06, p < 0.01, n = 5 for SEP-GluA1 and
0.41 ± 0.03, p < 0.05, n = 6 for SEP-GluA2). Quantification of the
fluorescence variation in subcellular regions during ATP treat-
ment revealed similar behavior of somatic and dendritic SEP-
GluA1 or SEP-GluA2 (Figures 5D and 5G). This effect was
observed only in neurons coexpressing P2X2-mCherry (Figures
5E and 5G). In addition, the fluorescence loss during ATP appli-
cation was abolished when neurons were preincubated with
dynasore (80 mM, 60 min; Figure 5E, Max DF/F0 = 0.89 ± 0.06,
p > 0.05, n = 5). These results indicate that ATP activation of
P2XRs triggers a rapid dynamin-dependent endocytosis of
AMPARs, and then, internalized receptors slowly recycle back
to the plasma membrane of transfected hippocampal neurons.
The role of endogenously expressed P2XRs in triggering
native AMPAR internalization in cultured hippocampal neurons
was first determined by visualizing only internalized AMPARs us-
ing antibodies after acid-stripping procedure to dissociate anti-
body from surface receptor and specifically retain labeling ofNeuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc. 421
Figure 4. P2XRs Trigger AMPAR Internalization through a Dynamin-Dependent Clathrin-Mediated Endocytosis
(A–D) Blockade of dynamin-dependent endocytosis alters the functional inhibition of AMPARs in Xenopus oocytes expressing GluA1A2 and P2X2Rs.
(A) Representative currents evoked by Glu before and after ATP current in cell overexpressing a dominant-negative mutant of adaptor protein 2 (AP50-DN, 0.6 ng
of cDNA).
(B) Summary of AMPAR inhibition for oocytes nuclearly injected with increased doses of AP50-DN cDNA shows a dose-dependent loss of inhibition that is
rescued by injection of WT AP-50 (AP50-WT).
(C) Western blot using anti-AP50 antibodies and quantification of exogenous AP50 (DN and WT, black bars) normalized to the endogenous AP50 (empty bars) in
conditions shown in (B).
(D) Loss of AMPAR inhibition for GluA1A2 and P2X2 expressing cells after 45–60 min incubation in dynamin inhibitor (dynasore; 80 mM).
(E) Western blots with anti-HA or anti-Myc antibodies of total and surface biotinylated proteins from oocytes coexpressing HA-GluA1/Myc-GluA2 and P2X2-His
before and after ATP treatment in control, AP50-DN (0.6 ng of cDNA), or dynasore conditions.
(F) Summary of surface/total ratio showing no changes of surface AMPARs in conditions shown in (E).
(G) Western blotting and quantification of internalized biotinylated and total proteins from cells coexpressing HA-GluA1 or heteromeric HA-GluA1/Myc-GluA2
with P2X2-His. Surface proteins were biotinylated prior to ATP treatment. At 4 min after ATP to allow internalization, remaining surface biotin was cleaved using
reducing agents (see Supplemental Experimental Procedures). P2X2 activation by ATP induces an increase of internalized fraction of AMPAR subunits.
(H) Quantification of internalized biotinylated AMPAR subunit shown in (G).
The number of independent experiments is indicated in parentheses. ***p < 0.001; ns, p > 0.05. Error bars, SEM.
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P2X-Mediated Alteration of AMPARinternalized receptors resistant to the acid stripping (Beattie
et al., 2000; Carroll et al., 1999). After acid stripping, untreated
cells show no or very faint labeling displaying that acid stripping
removedmost of the antibodies, and that little constitutive endo-
cytosis of AMPARs occurred during this short period of time
(Figures 6A and 6B). These results were consistent with previous
reports (Beattie et al., 2000). In contrast, after exposure to
100 mM ATP for 1 min, acid-resistant labeling with anti-GluA1
and anti-GluA2 antibodies was detected in the soma and den-
drites of cultured neurons 5 min after ATP application (Figures
6A and 6B; p < 0.05, n = 15 for GluA1 and GluA2, respectively).
At 20 min after ATP, the extent of GluA1 or GluA2 labeling was
similar (Figures 6A, 6B, and S3), indicating that internalization
of endogenous AMPARs proceeds over a longer period of time
than in transfected cells (neurons and oocytes), consistent with
the enduring decrease ofmEPSCs observed in native hippocam-
pal neurons (Figure 1). ATP-mediated internalization of AMPARs
occurred (5 and 20 min after ATP) in the presence of the adeno-422 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.sine receptor antagonist CGS15943 (Figures 6B and S3) andwas
prevented by the P2X antagonist PPADS (10 mM), indicating that
this process requires P2XR activation.
Because P2X-driven internalization of AMPAR or inhibition of
whole-cell AMPAR current occurs faster than the P2X-mediated
synaptic depression recorded in cultured hippocampal neurons,
we investigated whether P2XRs altered the number of AMPARs
at synapses. To test this directly, we measured the density of
AMPARs from direct Stochastic Optical Reconstruction Micro-
scopy (dSTORM) superresolution imaging on hippocampal neu-
rons stained with antibodies for endogenous surface GluA2
coupled to Alexa 532 (Nair et al., 2013). Figure 6C shows endog-
enous surface GluA2 obtained from an epifluorescence image
(left upper panel) and the corresponding dSTORM superresolu-
tion image (right upper panel). Measurement of the density of
GluA2 from superresolution images showed the clustering of
GluA2 at synapses with a higher number per mm2 of GluA2-con-
taining AMPARs at the synapses (194.59 ± 15.71; n = 9) than in
Figure 5. Rapid Internalization of AMPARs Induced by Activation of P2XRs in Transfected Hippocampal Neurons
(A) Schematic topology of SEP-tagged GluA subunits (SEP-GluA) and mCherry-tagged P2X2 subunits.
(B) Confocal image of P2X2-mCherry (red) and SEP-GluA1 (green) fluorescences localized in the soma and dendrites of a live hippocampal neuron. SEP-GluA1
fluorescence (but not P2X2-mCherry) seen at normal pH (7.4) is removed by washing cells with extracellular solution with reduced pH (4.5). Scale bars
represent 10 mm.
(C) Representative images of hippocampal neurons transfected with SEP-GluA1 and P2X2-mCherry fluorescence over time, subjected to an ATP application
(100 mM, 1 min) and washout. Scale bar represents 20 mm.
(D) Enlarged images and time trace of SEP-GluA1 and P2X2-mCherry fluorescence changes in response to ATP application for the experiment shown in (C).
P2X2-mCherry fluorescence is in red; somatic and dendritic SEP-GluA1 fluorescence changes are indicated in green and blue, respectively. Mean ± SEM (n = 5
neurons). Scale bar represents 20 mm.
(E) Maximum amplitudes of SEP-GluA1 fluorescence intensity changes to ATP application in neurons expressing SEP-GluA1 with P2X2-mCherry. Changes are
altered in neurons pretreated with dynasore (80 mM, 60 min) or in neurons expressing SEP-GluA1 alone.
(F) Representative images and time trace of fluorescence changes in response to ATP application in neurons transfected with SEP-GluA2 and P2X2-mCherry.
Mean ± SEM (n = 6 neurons). Scale bar represents 20 mm.
(G) Maximum amplitudes of SEP-GluA2 fluorescence intensity changes to ATP application in neurons expressing SEP-GluA2 with P2X2-mCherry. No change is
observed in neurons transfected with SEP-GluA2 alone.
*p < 0.05; **p < 0.01. Number of cells is indicated in parentheses. Error bars, SEM.
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Figure 6. Endogenous P2XRs Internalize Native AMPARs and Reduce the Number of Synaptic AMPARs in Hippocampal Neurons
(A) Representative images of internalized GluA1 (left) and GluA2 (right) receptor immunoreactivity revealed at several time points after ATP treatment (100 mM,
1 min) of cultured hippocampal neurons in medium containing 0.5 mM tetrodotoxin. Untreated coverslips show no or little GluA internalization, whereas cells
treated with ATP show significant staining in the soma and dendrites of neurons. Scale bars represent 20 mm.
(B) Quantification of experiments illustrated in (A) showing the internalization of GluA1 or GluA2 5 and 20 min after application of ATP (100 mM, 1min) in control, in
the presence of CGS15943 (3 mM), and/or PPADS (10 mM). The effect is abolished by PPADS, a broad P2X inhibitor. See also Figure S3.
(C) Epifluorescence (left) and superresolution images (right) reconstructed from dSTORM of hippocampal neurons labeled with surface endogenous GluA2.
Lower panels show representative dSTORM images of the density of native GluA2-containing AMPARs in hippocampal neurons before or 10min after application
of ATP (100 mM, 1 mM) in the absence or presence of CGS15943 (3 mM) and PPADS (50 mM). Scale bars represent 2 mm (top) and 0.5 mm (bottom).
(D) Average values of the density of GluA2-containing AMPARs in synapses and dendrites in control condition and after treatments.
*p < 0.05; **p < 0.01; ns, p > 0.05. Error bars, SEM. Number of cells is indicated in parentheses.
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P2X-Mediated Alteration of AMPARdendrites (123.41 ± 19.58, n = 9) in the control condition (Figures
6C and 6D). Tenminutes after exposure to 100 mMATP for 1min,
the density of surface GluA2-containing receptors was signifi-
cantly reduced in dendrites (30%) and, notably, at synapses
(25%) (Figure 6C, bottom, and Figure 6D; p < 0.05; n = 9).
ATP-driven decrease of surface AMPARs occurred also in the
presence of the adenosine receptor antagonist CGS15943
(3 mM) (Figures 6C and 6D; p < 0.05; n = 9) and was abolished
by the P2X antagonist PPADS (50 mM; p > 0.05; n = 8), indicating
that this process is mediated by P2XRs. Together, these results
suggest that P2X-mediated synaptic depression results from the
removal of synaptic AMPARs triggered by activation of postsyn-
aptic P2XRs.
P2X-Driven Synaptic Depression in Hippocampus
Using field potential recordings, we reexamined the existence of
P2X-mediated synaptic depression in the CA1 region of acute
hippocampal slices from 4- to 5-week-oldmice. For these exper-424 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.iments, the slices were continuously perfused in the presence of
adenosine andNMDARantagonists (CGS15943 3 mMandD-AP5
10 mM, respectively) and recorded after stimulation every 20 s of
presynaptic Schaffer collateral axons. Field excitatory postsyn-
aptic potentials (fEPSPs) remain stable in the absence of ATP
application during the whole period of recordings (Figure 7).
The perfusion of ATP caused a depression in synaptic transmis-
sion (Figure 7A) that developed faster than in cultured neurons
(Figure 1). The magnitude and the duration of the synaptic
depression increase in an ATP dose-dependent manner (Figures
7A and 7B). The decrease in fEPSP slope was 0.76 ± 0.14 (p >
0.05), 0.48 ± 0.07 (p < 0.01), and 0.31 ± 0.12 (p < 0.001) with
100 mM, 300 mM and 1mM of ATP, respectively (five to seven sli-
ces for each condition). The robust decrease lasting 10–15 min
relaxed to a new mean and remained slightly depressed only
when the higher ATP concentration was applied. The ATP-medi-
ated depression is abolished in slices preincubated with P2X
antagonist PPADS (50 mM) (Figures 7A and 7B). Bath application
Figure 7. ATP or Glial ATP Released by NA
Depresses Synaptic Transmission at CA1
Hippocampal Synapses
(A) Plots of normalized fEPSP slopes recorded in
CA1 neurons in ACSF containing CGS15943 and
D-AP5 or after application of various concentra-
tions of ATP (0.1, 0.3, and 1 mM) elicit CA1
depression (five to seven slices in each condition).
Magnitude and duration of the effect increases in
an ATP dose-dependentmanner. A total of 300 mM
ATP-induced depression is blocked by PPADS
(50 mM).
(B) Bar graphs of fEPSP slope assessed at a 5 min
interval before and after ATP as indicated by
the gray band in (A). **p < 0.01; ***p < 0.001. Error
bars, SEM. Number of slices is indicated in
parentheses.
(C) Plots of normalized fEPSP slopes recorded in
CA1 neurons before and after application of NA
(200 mM) in the absence or presence of either
PPADS (50 mM) or FAC (1 mM).
(D) Summary showing the enduring decrease in
fEPSP after application of NA blocked in the
presence of PPADS (50 mM) and FAC (1 mM)
assessed at a 10 min interval before and 60 min
after starting NA application as indicated by the
gray band in (C). *p < 0.05. Error bars, SEM.
Number of slices is indicated in parentheses.
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enhancement followed by a robust and persistent synaptic
depression (0.67 ± 0.09; n = 13; p < 0.05; Figures 7C and 7D).
Inclusion of either P2X antagonist PPADS (50 mM, 40 min) or glial
activity inhibitor FAC (1 mM, 40 min) completely blocked solely
the LTD induced by NA (1.22 ± 0.12, n = 7 p > 0.05; 1.0 ± 0.07,
n = 7 p > 0.05, respectively). The initial transient increase medi-
ated by NA was consistent with previous reports showing a
transient increase of synaptic strength mediated by activation
of neuronal adrenoceptors in hypothalamus (Gordon et al.,
2005; Gordon and Bains, 2003). We indeed observed a transient
enhancement of mEPSCs induced by NA in cultured neurons
when GDPbS was omitted in the recording pipette (data not
shown). Altogether, our work supports the conclusion that acti-
vation of postsynaptic P2XRs by ATP released by surrounding
glial cells triggers endocytosis of AMPARs and the subsequent
enduring decrease of synaptic strength.
In CA1 hippocampal neurons, activation of NMDARs by low-
frequency stimulation triggers AMPAR internalization and
NMDA-mediated LTD (Beattie et al., 2000; Kessels andMalinow,
2009). To examine whether P2X-mediated internalization of
AMPARs used a distinct or similar signaling mechanism than
NMDAR-mediated internalization, we first tested whether activa-
tion of P2XRs affects NMDAR-dependent LTD. As shown in
Figure 8A, a 1 Hz, 15 min stimulation given in the experimental
conditions of Figure 7, but in the absence of the NMDAR antag-
onist AP5, caused persistent depression of evoked fEPSPs
(74.47% ± 0.06%; n = 10; p < 0.05; Figure 8A). Perfusion for
10 min of ATP (300 mM) during LTD increases transiently thesynaptic depression (0.50% ± 0.08%; n = 10; p < 0.001). In the
presence of P2X antagonist PPADS (50 mM), ATP failed to
increase LTD (Figures 8A and 8B). Comparison of the magnitude
of ATP-mediated depression induced during LTD (0.63% ±
0.09%; n = 10) or in naive slices (0.48% ± 0.07%; see Figure 7A)
showed that despite a slight reduction, NMDAR-mediated LTD
did not occlude P2X-mediated depression. The similar coupling
of these pathways to AMPAR endocytosis suggests that the two
forms of depression used a distinct intracellular signaling down-
streamCa2+ requirement. Protein phosphorylation is required for
the induction of many forms of synaptic plasticity, including
NMDAR-dependent LTP and LTD (Huganir and Nicoll, 2013).
We therefore examined whether phosphatase and/or kinase
activities mediated P2X-dependent AMPAR current inhibition
in oocytes coexpressing GluA1 and P2X2Rs (Figures 8C and
8D). The one Ca2+-sensitive effector known to be necessary for
the induction of NMDAR-dependent LTD is the protein phospha-
tase calcineurin (Beattie et al., 2000). Knockin mice containing
mutations in the GluA1 calmodulin-dependent protein kinase II
(CamKII) and protein kinase A (PKA) phosphorylation sites or
dephosphorylation of both PKC or PKA sites have also signifi-
cant deficits in LTD (Lee et al., 1998, 2003). Incubation of cells
in calcineurin inhibitor FK-506 (1 mM, 40–60 min) did not affect
the ATP-mediated inhibition of AMPA current (control inhibition
was 60.03% ± 1.76%, n = 104; inhibition after FK-506,
57.46% ± 5.53%, n = 10; p > 0.05). In contrast, phosphatase 1
and 2A inhibitors okadaic acid (1 mM, 40–60 min) or calyculin A
(1 mM, 20 min) strongly inhibited the ATP-induced inhibition of
AMPA current (Figures 8C and 8D; inhibition after okadaicNeuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc. 425
Figure 8. P2XR Activation Increases NMDA-Dependent LTD at
CA1 Hippocampal Synapses via a Signaling Cascade Involving
Phosphorylation of CamKII Sites
(A) In hippocampal slices, a 1 Hz, 15 min train of stimuli induces LTD of fEPSPs
recorded in the absence of D-AP5. During LTD, application of ATP (300 mM)
significantly increases synaptic depression. The effect is inhibited in the
presence of PPADS (50 mM).
(B) Bars summarize the average change of fEPSP slope during LTD before (2/1)
and after ATP (3/1). ATP-induced decrease (3/2) is similar to those recorded in
Figure 7A and is abolished with PPADS (5/4). *p < 0.05; **p < 0.01; ***p < 0.001.
Error bars, SEM. Number of slices is indicated in parentheses.
(C) Blockade of phosphatase or CamKII activities alters the functional inhibi-
tion of AMPARs in Xenopus oocytes expressing GluA1 and P2X2R. Repre-
sentative currents evoked by CTZ (100 mM)/Glu (1 mM) before and after ATP
(100 mM) current in oocytes preincubated with phosphatase inhibitor okadaic
acid (1 mM) and CamKII inhibitor KN-93 (1 mM) are shown.
(D) Summary of AMPAR inhibition for oocytes expressing GluA1 and P2X2Rs
after incubation (40–60min) with phosphatase inhibitors okadaic acid (1 mM) or
calyculin A (1 mM), calcineurin inhibitor FK-506 (1 mM), CamKII inhibitor KN-93
(1 mM), PKC inhibitor chelerythrine (10 mM), and PKA inhibitor KT5720 (10 mM)
shows the loss of GluA1 inhibition by inhibition of phosphatase and CamKII
activities. ***p < 0.001. Error bars, SEM. Number of cells is indicated in
parentheses.
(E) Normalized fEPSP slopes recorded in CA1 neurons before and after
application of ATP (300 mM) as depicted in Figure 7A in the presence of okadaic
acid (1 mM) or KN-93 (10 mM) with a 60 min preincubation.
(F) Summary showing the ATP-mediated decrease in fEPSP that is blocked in
the presence of okadaic acid (1 mM) or KN-93 (10 mM) assessed at a 5 min
interval before and after ATP as indicated by the gray band in (E). **p < 0.01.
Error bars, SEM. Number of slices is indicated in parentheses.
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426 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.acid, 24.04% ± 4.8%, n = 18, p < 0.001; inhibition after calyculin
A, 23.08% ± 5.17%, n = 14, p < 0.001). In addition, ATP-medi-
ated AMPAR inhibition was not affected by PKC or PKA inhibi-
tors chelerythrine or KT5720, respectively (10 mM, 40–60 min),
but was completely abolished (7.19 ± 9.05; n = 16; p < 0.001)
in the presence of CamKII inhibitor KN-93 (1 mM, 40–60 min).
Finally, we recorded fEPSPs from hippocampus slices as
described in Figure 7A in the presence of okadaic acid (1 mM,
60 min) or KN-93 (10 mM, 60 min). ATP-mediated depression
of synaptic activity was abolished in both conditions (ATP-
induced decrease of fEPSP slope in artificial cerebrospinal fluid
[ACSF], 0.48%± 0.07%, n = 7, p < 0.01; in okadaic acid, 0.86%±
0.07%, n = 7, p > 0.05; and in KN-93, 0.84% ± 0.04%, n = 6, p >
0.05), suggesting that CamKII phosphorylation sites are involved
in P2X-dependent synaptic depression.
DISCUSSION
We here demonstrated that activation of postsynaptic P2XRs
decreases AMPAR trafficking and synaptic strength at glutama-
tergic synapses by promoting clathrin-mediated endocytosis of
postsynaptic AMPARs. Our main finding provides a mechanism
by which postsynaptic P2XRs can directly modulate excitatory
synaptic transmission and further expand the role of glial-derived
ATP at brain synapses (Baxter et al., 2011; Boue´-Grabot et al.,
2004; Gordon et al., 2005; Jo and Boue´-Grabot, 2011; Jo et al.,
2011; Lalo et al., 2014; Pankratov et al., 2009; Sim et al., 2006).
Our data show that transient bath application of ATP triggers a
slow and long-lasting alteration of the amplitude of AMPA-medi-
ated mEPSCs in cultured hippocampal neurons. Changes in the
amplitude of miniature events are usually associated with post-
synaptic modifications. The blockade of this effect by the P2X
antagonist PPADS and our inability to affect the expression of
synaptic inhibition by blocking adenosine receptors or by inter-
fering with postsynaptic G protein function argue in favor of a
postsynaptic action of ionotropic P2XRs on AMPARs. P2XRs
can be present at both pre- and postsynaptic levels (Rubio and
Soto, 2001) on glutamatergic synapses, and activation of pre-
synaptic P2XRs increases Glu release probability due to an influx
of Ca2+ (Gu and MacDermott, 1997). In our experiments, the
frequency of the synaptic events remains unchanged following
ATP treatment. Moreover, current evoked by focal application
of AMPA is also inhibited following focal ATP-induced current
in native hippocampal neurons, and we demonstrate in oocytes
that the direct activation of P2X2 or P2X4Rs triggers a fast
and enduring inhibition of either homomeric GluA1 or hetero-
meric GluA1A2 current. Finally, we demonstrate using field
potential recordings from hippocampal brain slices that
P2X activation induces a depression of the synaptic activity in
CA1 region. The magnitude and duration of ATP effect increase
in a dose-dependent manner. ATP-mediated synaptic depres-
sion in hippocampal slices develops faster compared to the
depression of mEPSCs in cultured neurons; however, these re-
sults collectively reveal the interplay between postsynaptic
P2X and AMPARs that lead to enduring changes of excitatory
synapses.
We did not see any evidence for ATP-evoked synaptic
current in hippocampal neurons; however, we observed slowly
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of ATP puffed directly onto the recorded neurons, indicative of
the expression of functional P2XRs in postsynaptic neurons
that are very likely excluded from the postsynaptic density.
This is consistent with electron microscopy and single-molecule
imaging of P2X2 or P2X4 at brain synapses (Richler et al., 2011;
Rubio and Soto, 2001) as well as the absence of fast ATP-medi-
ated transmission in CNS regions where endogenous ATP acting
at extrasynaptic P2XRs was shown to modulate synaptic trans-
mission (Gordon et al., 2005; Jo and Boue´-Grabot, 2011; Jo
et al., 2011). NA induces an ATP release by astrocytes via activa-
tion of glial a1-adrenoceptors, providing a mechanism by which
glial cells can respond to, and exert influence over, synaptic ac-
tivity (Gordon et al., 2005). We found that a1-adrenoceptors are
expressed in both glial and neuronal cells from hippocampal
cultures, and NA application also decreases AMPA-mediated
mEPSCs of cultured neurons or fEPSPs from brain slices
mimicking the effect of ATP. The NA-induced decrease in synap-
tic strength was suppressed by pharmacological blockade of
P2XRs or glial cell activity; we therefore propose that ATP
released from glial cells depresses synaptic strength in hippo-
campal neurons. In hippocampal brain slices, we observed an
initial small enhancement of synaptic activity mediated by NA
that is resistant to the blockade of P2X or glial cell activity. This
effect was expected because previous reports showed a tran-
sient increase of synaptic strength mediated by direct activation
of neuronal adrenoceptors in hypothalamus (Gordon et al., 2005;
Gordon and Bains, 2003). Such initial transient increase
following NA was also observed in cultured hippocampal neu-
rons solely in experiments performed without GDPbS in the
recording pipette (data not shown).
A major mechanism regulating synaptic strength is the bal-
ance between the insertion and internalization of AMPARs in
the postsynaptic membrane (Esteban, 2003; Kessels and Mali-
now, 2009). P2X-mediated inhibition of AMPAR current was
abolished by either interfering with the dynamin-dependent cla-
thrin-mediated endocytosis or by applying ATP in the absence of
external Ca2+. These results suggest that Ca2+ influx through the
opening of Ca2+-permeable P2X channels (Egan and Khakh,
2004) triggers internalization of AMPARs. Biotinylation experi-
ments demonstrate that ATP-mediated activation of P2XRs
induced a rapid Ca2+-dependent and dynamin-dependent inter-
nalization of GluA1 or GluA2 receptors that slowly cycled back to
the cell surface. This is also strongly supported by real-time
imaging of pHluorin-tagged GluA1 or GluA2 subunits that served
as spatiotemporal indicators of surface AMPAR distribution from
transfected hippocampal neurons (Jaskolski et al., 2009). A rapid
removal of somatodendritic GluA1 or GluA2 subunits was
observed following ATP activation of P2X2Rs and is followed
by a slow membrane reinsertion as depicted during NMDA-
dependent internalization of AMPARs (Ehlers, 2000). Kinetics
of AMPAR internalization is similar to the kinetics of AMPA-
evoked current inhibition or ATP-mediated depression from
hippocampal brain slices. However, ATP-mediated mEPSC
depression recorded from cultured hippocampal neurons
develops slowly and gradually. These results may reflect the ex-
istence of distinct populations of AMPARs at the cell surface with
distinct kinetics of internalization as observed with NMDA- or in-sulin-induced internalization of AMPARs (Beattie et al., 2000).
Stabilized AMPARs at the synapse because of protein-protein
interaction may internalize slower than nonstabilized AMPARs
in the somatodendritic compartments. Subunit composition of
AMPARs determines the route of AMPAR trafficking, and
GluA2 is considered as the primary determinant during NMDA-
and activity-dependent internalization of synaptic AMPARs and
LTD (Anggono and Huganir, 2012). However, the subunit-spe-
cific pathways for receptor removal remain debated (Esteban,
2003). Biotinylation experiments and live imaging of transfected
neurons suggest that dynamics of P2X-mediated internalization
is similar for GluA1 or GluA2 subunits. Internalization assays in
native hippocampal neurons confirm this finding for endogenous
GluA1 or GluA2 subunits, and in addition, superresolution
dSTORM imaging showed that P2X activation alters also the
number of endogenous GluA2-containing receptors at the syn-
apses and in dendrites. Together, these findings strongly sug-
gest that ATP-mediated synaptic depression results from the
removal of postsynaptic AMPARs triggered by activation of
postsynaptic P2XRs.
Although P2X2, P2X4, and P2X6 subunits are expressed in
hippocampus, the subunit composition of functional P2XRs
remains unknown (Rubio and Soto, 2001). Our results indicate
that Ca2+ entry through P2X2Rs or P2X4Rs is sufficient to trigger
internalization of AMPARs in vitro; however, ATP-induced
enduring decrease of mEPSCs as well as ATP-induced AMPAR
internalization in hippocampal neurons are blocked by PPADS,
suggesting a prominent role of P2X2-containing receptors in
our preparation. Although P2X4 is a high-Ca2+ permeable chan-
nel (Egan and Khakh, 2004), its lack of contribution is consistent
with the fact that P2X4Rs are constitutively internalized by dyna-
min-dependent endocytosis and consequently retained in intra-
cellular compartments in basal conditions (Bobanovic et al.,
2002; Jo et al., 2011). To date, direct modulation of glutamater-
gic synaptic efficacy via activation of postsynaptic P2XRs was
solely reported in magnocellular neurons of the hypothalamus
(Gordon et al., 2005). In this case, interestingly, an enduring
increase in mEPSC amplitude was observed following activation
of P2X7Rs that resulted likely from the insertion of AMPARs into
the postsynaptic membrane. These findings suggest that,
comparably to NMDARs (Anggono and Huganir, 2012; Esteban,
2003), opening of postsynaptic P2XRs with the concomitant en-
try of Ca2+ can trigger both the addition and removal of AMPARs.
Our results show that NMDA-mediated LTD in CA1 neurons did
not occlude ATP-mediated synaptic depression, suggesting that
different signaling pathways lead to internalization of AMPARs.
Indeed, our results indicate that phosphatase or Ca2+/CamKII
activities are both critical for the induction of P2X-mediated
decrease in synaptic efficacy. P2X-driven synaptic depression
of CA1 neurons, as well as the P2X-mediated inhibition of
AMPARs expressed in heterologous system, is abolished by
blockade of phosphatase or CamKII activities. Notably,
blockade of calcineurin, PKA, or PKC had no effect on the
P2X-mediated inhibition of AMPARs. CamKII and calcineurin
are key molecules respectively linked to the NMDA-dependent
insertion and removal of new AMPARs in hippocampus. How-
ever, other signaling molecules have also been implicated in
LTD or internalization of AMPARs (Anggono and Huganir,Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc. 427
Neuron
P2X-Mediated Alteration of AMPAR2012). Our findings support recent studies revealing that LTD
also requires CamKII activity acting on a nonclassical substrate
of GluA1 subunits (Coultrap et al., 2014; Lu et al., 2010)
This study advances our understanding of a neuromodulatory
role for P2XRs expressed at brain synapses and, moreover,
offers insight into a new form of glial ATP-mediated neuronal
plasticity.
EXPERIMENTAL PROCEDURES
See a detailed description in the Supplemental Experimental Procedures.
Constructs
WT or tagged P2X subunits and GluA1 or GluA2 subunits were available from
previous works (Jo et al., 2011; Opazo et al., 2010; Toulme´ et al., 2006).
Construction of GluA1-L497Y and mCherry-tagged P2X2 subunits is
described in the Supplemental Experimental Procedures.
Hippocampal Neuron Culture and Transfection
Primary hippocampal cultures were prepared from postnatal day 0 (P0) or P1
Sprague-Dawley rat pups. Native hippocampal neurons were used for electro-
physiology, immunocytochemistry, and dSTORM at 3–4 weeks after plating.
For live-imaging experiments, hippocampal neurons were transfected as
described in Supplemental Experimental Procedures.
Whole-Cell Voltage-Clamp Recording of Hippocampal Neurons
Electrophysiological solutions, equipment, recording procedures of cultured
hippocampal neurons, and drug application can be found in the Supplemental
Experimental Procedures.
Hippocampal Slice Preparation and Extracellular Field Recording
Horizontal hippocampal slices were prepared from 4- to 5-week-old C57BL6
mice, and field responses for CA3-CA1 experiments were evoked with electri-
cal stimulation to the Schaffer collateral fibers and recorded in the stratum
radiatum for measuring fEPSPs of the CA1 hippocampal area.
Live Hippocampal Neuron Imaging
Live-imaging experiments were performed at 10–12 days in vitro using a spin-
ning disk microscope on hippocampal cultures transfected with SEP fusion
AMPAR subunit constructs and P2X2-mCherry.
Internalization Assay and Immunocytochemistry on Native
Hippocampal Cultures
For internalization assay, live hippocampal neurons (3–4 weeks in vitro) were
labeled for 15 min at 37C with antibodies directed against the extracellular
region of either GluA1 or GluA2 (Alomone Labs). After experimental treat-
ments, cells were incubated for 5–20 min at 37C to allow internalization and
then were immediately chilled. Intact cells were exposed to a cold acidic solu-
tion to selectively strip remaining surface antibodies.
dSTORM
Live primary neuronal cultures were incubated with monoclonal Anti-GluA2
antibody for 7 min. They were then fixed using 4% paraformaldehyde prior
to permeabilization. The primary antibody was then revealed by Alexa
532-coupled anti-mouse antibodies. dSTORM was performed as described
previously by Nair et al. (2013).
Xenopus Oocyte Electrophysiology
Oocytes were removed from Xenopus laevis and recorded after nuclear
injection as described (Jo et al., 2011; Toulme´ et al., 2006) and detailed in
the Supplemental Experimental Procedures.
Biotinylation Assays and Immunoblotting
Surface biotinylation experiments were performed as described previously
(Toulme´ et al., 2006). For internalization experiments, oocytes were first428 Neuron 83, 417–430, July 16, 2014 ª2014 Elsevier Inc.placed in sulfo-NHS-SS-biotin solution for 4 hr at 4C to biotinylate surface
proteins.
Statistics
Statistical analysis was performed using Student’s t test, or Kruskal-Wallis test
with Dunn’s post hoc procedure for between-group comparison (Prism 6.0;
GraphPad). Data were considered significantly different when the p value
was less than 0.05. All statistical results are given as the mean ± SEM.
Study Approval
All experiments were carried out in accordance with the European Commu-
nities Council Directive. Ethical Committee of Bordeaux (CEEA50) approved
the experiments.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.neuron.2014.06.005.
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